Shewanella oneidensisにおけるcAMP/CRP制御系の役割の解明 by 笠井 拓哉
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Ȁ 1Ǿ Ĺɐ 

1.1 ShewanellaİȏȮ 
  Shewanella İȏȮ, γ-rbDkPbD)İ>QzʊŎ+ǤÙǧɿİɵ½ȏȮ%
	=āď9ǅƯƹƴ+ĺƲ('+Ķĸ
ǝČ)ǞŐ$
> (Venkateswaran et al. 1999, 
Hau and Gralnick 2007, Fredrickson et al. 2008, Rodionov et al. 2011)Ē+ ShewanellaİȏȮ
,õðAȵʍƚ(ƅƞÙìǕ&ǐƞÙìǕ (ɺȍpxɺmɺǱɺǱɺ
X{`YuNWe [DMSO]d{`DyKNWe [TMAO] ȁ) )Õ$éǈ
Ŏ4,ǈŎ+ɿİÙìǕ (Fe, Mn, Co, Vȁ) AʑěçĤ©&$ÎǠ>&éȥ
%	> (Nealson et al.1994, Liu et al. 2002, Hau et al. 2008, Carpentier et al. 2003)ɿİÙìǕA
ʑěçĤ©&$õðAȵ&%>ȏȮ,ǝČ+ɿİňǝ)
$ɼȼ(ŀÓA




> (Hau and Gralnick 2007, Murphy and Saltikov 2009)4ɿİõðȥAŠ#
Shewanella İȏȮ,ȏȤđ)ĝĂ>ĬʑŎÿ© (ʑƘ) 0ʑěA¤ɯ>&8éȥ%
	>7ŉǞǕʑƩÙĞWYbz (ŉǞǕʑƘʆ+ʑě¤ɯAÎǠ$IhOĐŬ
9ǕɗǞǟAȵWYbz; bioelectrochemical systems; ¡ BES) 0+ŌǠAǨš$ȈÔ
ǧ)ǮǼ?$
> 














1.2 Shewanella oneidensis MR-1ƕ 
  Shewanella oneidensis MR-1ƕ, ShewanellaİȏȮ+%Ƅ8ǮǼɫ7<?$
>Ȯƕ
%	>MR-1ƕǖ)ǮǼ?>ǜǡ&$ɨŎĚƩŎȏȮ%	=ĆʞĤż%	>& 
(Myers and Nealson 1988)ÁSizɷÌőĈÂʅ?$
>& (Heidelberg et al. 2002)
ɴ¤ěǰĎ9ɴ¤ěĬÀ('+ɴ¤ěůªĤż)ȵ>&Ȯ©đ+ɿİɺÙǕ9ʑ
ƘAʑěçĤ©&$ÎǠ%>& (Kim et al. 1999) Ţ<?>MR-1ƕ,Ȯ©đ+
ʑěçĤ©AÎǠ$õðAȵʍȏȤđʑě¤ɯȒɞ (extracellular electron transfer 
pathway; EET Ȓɞ) &õ-?>ȒɞA$ ɑ+ɮǷ%ǞʑěAȏȤđ0&űÉ






  ?4%+ǮǼ<MR-1 ƕ+ EET ȒɞAƙŗ>ȼ(^lPɗ  (CymA, 
STC/FccA, OmcA, MtrA, MtrB;.MtrC) íĠ?$
> (Shi et al. 2007) (Figure 1)
?<+Ē,ʑěŦçȥAŠ#WdPz^lPɗ%	=ÄȨNi&ȏȤđʑěç
Ĥ©Aȓ/Ĭț+ŀÓAƏ4ɺȁ+ƅƞǕ ɑ+ɮǷ%űÉ?ʑě,Ä
ȨNiA$ȏȤÄȨĮĂ^lPɗ CymA 0¤ɯ?>CymA 0ǶØʑě,
trZz)ĮĂ>éǈŎWdPz (STC/FccA) A$đȨ)ĮĂ> Mtr ^
lPɗȺì© (OmcA, MtrA, MtrB, MtrC) 0&¤ɯ?>OmcA&MtrC,ȏȤđ+ʑ
ěçĤ©0ʑěA¤ɯ>^yf_P^\&$ƞȥ> (Shi et al. 2006)MR-1
ƕ,?<+^yf_P^\&ȏȤđʑěçĤ©&+ǩũǧ(ũɃ (Lower et al. 
2007, Xiong et al. 2006) (Figure 2A) 	>
,pn('+ʑě{cEI^Aʆ
ũǧ(Ȓɞ (Marsili et al. 2008, Von et al. 2008) (Figure 2B) );"$ȏȤđ)ʑěA¤ɯ
>4 MR-1 ƕ,ȏȤđȨ&trZzAȏ¥-fiF~&õ-?>ƙɩ
A$ʃɜʐ+ʑě¤ɯAȵ&8ǭ<?$





> (Coursolle et al. 2010)ŸMtrC,pn&+ȿöŎʠ
ʆũǧ(ʑě¤ɯ)
$ɼȼ(ƞȥAŞ&Ȣ<?$
> (Mitchell et al. 2012) 
 
1.4 mtrɴ¤ěȠ+ǥǛÐņƞƙ 
  MR-1ƕ+ EETȒɞ+ȼƙŗ^lPɗ (OmcA, MtrA, MtrB, MtrC) ATe>ɴ¤






> (Myers and Myers 1997, Beliaev et al. 2005, Teal et al. 2006, Rosenbaum et al. 
2012, Pirbadian et al. 2014)4mtrɴ¤ěȠ+ǥǛ),ɠÆÐņüě%	> cyclic AMP 
(cAMP) receptor protein (CRP) &+ȸüě%	> cAMP+ìŗɹȍ (DcgɺWP
\, CyaC) ŋȼ%	>&Ż<)("$
> (Saffarini et al. 2003, Charania et al. 2009)
in silicoɂƎ);"$ omcA+Ʒ)ēȧȮ+ CRPȓìɷÌ&ʜ¦ɷÌȽÉ
?$







  CRP/cAMP ÐņȊ,Ē+ȏȮ%°ĝ?$
>ɠÆÐņƞƙ%	>CRP/cAMP Ðņ
Ȋ+Ǟǜƞȥ, Escherichia coli ȁ+ȧÄȏȮ)
$;ɂƎ?$=)ȉ ɑ+
L^vFdraW)ʇ>&Ż<)("$
> (Ullmann and Monod 
1968, Zubay et al. 1970)ŸMR-1ƕ+ CRP,)ĚƩõðȊ+ǥǛÐņ)ʇ$
>
&Ȣ<?$
> (Saffarini et al. 2003, Charania et al. 2009)4CRP,ȸüě%	>
cAMP &Ⱥì©Aľŗ>&%ƛǧɴ¤ě+ǥǛAÐņ>7CRP +ɠÆɍĬƶŎ
,ȏȤÄ+ cAMPǌĻ)®ĝ>?4%)E. coli+ȏȤÄ cAMPǌĻ,QTY
+ʔĝĂ)
$ź>&Ĉò?$
> (Makman and Sutherland 1965)















































Figure 2. MR-1ƕ)>ȏȤđʑě¤ɯȒɞA. ǩũǧʑě¤ɯB. ʆũǧʑě¤ɯ 
C. fiF~AǠ
ʑě¤ɯOM: ȏȤđȨPP: trZzIM: ȏȤÄȨ



























































































































  Table 1)ƊǮǼ%«ǠȮƕ&rYyeAǴ4«ǠrFxA Table 
2)ǴēȧȮ (Escherichia coli) , LB (Luria-Bertani) ĆăAǠ
$ 37ºC%Ćʞũ
ì¤ɯǠ+ēȧȮ WM6026ƕAĆʞ>ʍ),Ćă) 100 µg/ml+ 2,6-XDyio{
ɺ (DAP) AƿÕȑŬ^lPɗǥǛǠ+ēȧȮ BL21 (DE3) , 2 × yeast 
extrac-triptone (2 × YT) ĆăAǠ
$ 37ºC4, 30ºC%ėƩĆʞS. oneidensis, LB
Ćă4,ɺĆă (Lactate medium; LM) (15 mM DL-ɺ, 9 mM (NH4)2SO4, 5.7 mM 
K2HPO4, 3.3 mM KH2PO4, 5.0 g L-1 yeast extract, 30 mM HEPES-NaOH (pH 7.4)) AǠ
$ 30ºC
%Ćʞ600 nm+ǋĻ, DU800 spectrophotometer (Backman) A«Ǡ$ǄĠė
ƩĆʞ%,100 ml+ LMAÕ 300 mLkapɁpYT0ÍƇ OD600 = 0.05
% S. oneidensisAũǸł180 rpm%ţ&ĠĵƇ (OD600 > 2.0) 4%ĆʞĚƩĆ
ʞ%,ʑěçĤ©&$ƄȐǌĻ 10 mM+pxɺA LM0ƿÕ80 ml+ĆăA
ȋ 100 mL+Ĥɾ+kFDn0ÕS. oneidensisAÍƇ OD600 = 0.01%ũǸłbp
Tdq`Ɣ&DyN}ar%ħʄkFDnÄAǽȍlX);"$Ě
ƩǗŕ)ł30ºC%ʓȞĆʞĠĵƇ (OD600 > 0.25) 4%Ćʞŋȼ)Ō$
Ćă), 100 µg/ml DoW (Am), 50 µg/ml LfxFW (Km), 15 µg/ml S^x
FW (Gm) AƿÕ4ķƍĩĔĆă), 1.5% Bacto agar (Difco) AƿÕ 
 
2.2.2 RNA+ŝÉȈȹ 
  S. oneidensisA LMAǠ
$ėƩ4,ĚƩƌ£%īŲčƤƇ4,ĠĵƇ4%Ćʞ
ėƩĆʞƼ<, 5 mlĚƩĆʞƼ<, 30 ml+ĆʞƼAûæ5Êʆ4ºC7,000 rpm
%ɱŊAȵ
Ȯ©AûæRNA+ŝÉ, Trizol (Invitrogen) A«ǠûæȮ
©A 1 ml+ Trizol)Ŗǋ0.2 ml+PuzAƿÕɱŊłƪı+5Aûæ
ûæƪıAF]rliƮƧŅ<?tadA 250 µl H2O)ǈɂŝ
É RNA, RNeasy Mini kit (Qiagen) & RNase-Free DNase set (Qiagen) Aȑ5ì@$Ȉ
ȹ250 µl+ RNAŝÉǈƼ) 250 µl Buffer RLT (1%{LrdI^iï) & 250 µl 
100%I^iAƾìƾìƼA RNeasy Mini kitİ+Lz)ǶɱŊ350 µl 
Buffer RW1%LzAƵƸł80 µl DNaseǈƼALz0ƿÕRNAŝÉǈƼ)ï4
?> DNAAÊɂ350 µl Buffer RW1%LzAƵƸł<)LzA 500 µl Buffer 
RPE%ƵƸ+ł50 µl RNase-Free H2O%RNAAǈÉRNA+÷ɗ,Bioanalyzer 
(Agilent Technologies) %Ɉ¯ 
 
2.2.3 ɠÆʅĘǏ+íĠ 
  ɠÆʅĘǏ+íĠ),rFx¥ʃư;. 5′ rapid amplification of cDNA ends 
(5′-RACE) PCRư+ 2Ǹʜ+ŸưA«Ǡ 
  rFx¥ʃư);>ɠÆʅĘǏ+íĠ%,4ėƩ;.ĚƩĆʞ MR-1 ƕ
<Ȉȹ 10 µg total RNAA SuperScriptIII reverse transcriptase (Invitrogen) & IR800±ʝ
rFxPE-mtrC-100 (Table 2) A«Ǡ$ɧɠÆcomplementally DNA (cDNA) Aª
ȹƠ)10 µg RNA, 770 µM dNTP, 4 pmol PE-mtrC-100AƾìǈƼ 13 µlA 65ºC
5ÊʆǓÈǜ1Êʆƫ%ʓȞ+ƾìƼ0 4 µl 5 × First-Stand buffer, 5 mM DTT, 
40 U RNase OUT Recombinant RNase Inhibitor (Invitorgen), 200 U SuperScriptIII reverse 
transciptaseAƾìƄȐåŌƼɾA 20 µl)ɏų+ɧɠÆåŌƼAƠ+źǃƌ£
%åŌ: DgQ 25ºC (5Êʆ), ɧɠÆåŌ 50ºC (60Êʆ), ȐȓåŌ 70 ºC (15
Êʆ)ìŗ cDNA,pHi/PuzÈǜ&I^iƮƧ);"$Ȉȹ
Ȉȹ cDNA ,írFxA«Ǡ$ªȹWRYåŌǟǕ&Ã)wDP
DyeS0DrFLi-Cor4200 automated DNA sequencer (Li-Cor) AǠ
$ʑƩ
ƳØAȵ" 
  5¢-RACE ư);>ɠÆʅĘǏ+íĠ,ėƩ4,ĚƩĆʞ MR-1 ƕ<Ȉȹ
total RNA 1.0 µg& SMATer RACE cDNA amplification kit (Clontech) A«Ǡ$ȵ"Ɗ
ʂ cDNA,ɷÌǖǤǧrFxomcA-RACE-out4,mtrC-RACE-out (Table 2) A«Ǡ
$ªȹłªȹ cDNA+ 5¢Ɖǿ) SMATer RACE cDNA Amplification kit)İ>r
Fx)ǖǤǧ)ȓì>ĊćɷÌAÕªȹ cDNA AʁĄ)$
omcA-RACE-out 4, mtrC-RACE-out ;=8ʅĘTe·%ªȹrFx
omcA-RACE-in4, mtrC-RACE-in (Table 2) & kitİ Universal Primer A mixA«Ǡ$
PCRAȵ"PCRåŌǟǕ, QIAquick PCR Purification kit (Qiagen) A«Ǡ$Ȉȹ
PCRåŌƼ& PCRåŌƼ+ 5²ɾ+ Buffer PBAƾìkitİ+Lz0ǶɱŊ
750 µl Buffer PE%LzAƵƸł50 µl Buffer EB% DNAAǈÉȈȹ PCR
ǟǕ, T-vector pMD19 (TaKaRa) 0PgQTobd[ JM109ƕ0ĬÀ
rYye, QIAprep Spin Miniprep kit (Qiagen) A«Ǡ$ŝÉľɗɠŬēȧȮ
, Amïƅ LB%žţ&Ćʞ2 mlĆʞƼAûæ1Êʆ 13,000 rpm%ɱŊ
ĆăAʉ
Ȯ©A 250 µl Buffer P1 (RNaseAï) %Ŗǋł250 µl Buffer P2AƿÕ
ɠ³ƾö+ŖǋƼ) 350 µl Buffer N3AƿÕɠ³ƾö10Êʆ 13,000 rpm%
ɱŊɱŊł+Ǌ5A kitİ+Lz0ǶɱŊLzA Buffer PBBuffer 




2.2.4 ɧɠÆ PCR (RT-PCR) 
  Ȉȹ total RNA A SuperScriptIII reverse transcriptase (Invitrogen) & Rnadom Primers 
(Invitrogen) A«Ǡ$ɧɠÆcDNAAªȹ4 5.0 µg RNA, 770 µM dNTP, 250 µg 
Random Primers (Invitrogen) +ƾìƼ 13 µlAɏȹ65ºC% 5ÊʆǓÈǜłƫ)
1ÊʆʓȞƾìƼ0 4 µl 5 × First-Stand buffer, 5 mM DTT, 40 U RNase OUT Recombinant 
RNase Inhibitor (Invitorgen), 200 U SuperScriptIII reverse transciptaseAƾìƄȐåŌƼɾA
20 µl)ɏųåŌƼ+ɧɠÆåŌ,Ơ+ƌ£%ȵ": DgQ 25ºC (5Êʆ)
ɧɠÆåŌ 50ºC (60Êʆ)ȐȓåŌ 70ºC (15Êʆ) 
  ɧɠÆ);"$ªȹ cDNAAʁĄ DNA&$ TaKaRa Ex Taq Polymerase (TaKaRa)&
rFx[ad (Table 2) AǠ
$ PCRAȵ"PCRł5 µl+åŌƼA 2.0%ʑƩƳ
ØǠDMYS0DrFʑƩƳØAȵ"łσÙI`XGz);"$ƒȭA
ȵ
 ChemiDoc XRS (Bio Rad) AǠ
$ŮĿ 
 
2.2.5 Ġɾǧ RT-PCR (qRT-PCR) 
  Ɨɾțªȹ)Ǡ
ƛǧɴ¤ě (16S rRNAɴ¤ě, omcA, mtrC) + DNAŶǔ,MR-1ƕ
+ total DNA< PCRAǠ
$čĶDMYS);"$ȈȹDMYS
<+ PCRǟǕ+Ȉȹ, QIAEX II Gel Extraction kit (Qiagen) A«ǠʑƩƳØ
DMYS<ǨǧVFZ+keAË=É1.5 ml`q0ǶłË=É
DMYS+ 3²ɾ+ Buffer QX1& 10 µl QIAEX IIAƿÕƾìDMY
SAǈɂłQIAEX II0ðǫ DNAŶǔA Buffer QX1& Buffer PE%ƵƸ20 µl TE
% DNAŶǔAǈÉTotal RNA, LM%īŲčƤƇ4%ėƩĆʞȏȤ<ŝÉ
Ȉȹ15 ng total RNA, 1.3 µl 50 mM Mn(OAc)2, 7.5 µl LightCycler RNA Master SYBR 
Green I (Roche), 0.15 µM rFx (Table 2) Aï6åŌǈƼAɏųLightCycler 1.5 
instrument (Roche) AǠ
$ qRT-PCR Aȵ"åŌǃĻ,Ơ+;)ɆĠɧɠÆ
61ºC (20Ê), ǓĐŎ 95ºC (30ǵ), čĶVFP; ǓĐŎ 95ºC (5ǵ), DgQ 60ºC (5
ǵ), ¥ʃ 72ºC (25ǵ) A 45VFP, ȳɂåŌ 95ºC (0ǵ), 65ºC (15ǵ), 95ºC (0ǵ), Çß
40ºC (30ǵ)Ġɾǧ PCR+ǖǤŎ,ȳɂƀțÊƎ);"$Ɨɇƛǧɴ¤ě+ mRNA




  MR-1 ƕ+ crp ɴ¤ě+FpzǰĎƕ,ȩƦrYye pSMV-10 A«Ǡ 2
ƥʋǪíȑŬưAǠ
$ªȹƛǧɴ¤ě+Ʒą (750 bp ǷĻ) ;.Ʒą 
(750 bp ǷĻ) ALɷÌAǠ
$ȳì DNA ŶǔA Table 2 +rFx&
Phusion High-Fidelity DNA polymerase (New England Biolabs) AǠ
 PCR);"$ªȹ
ȳì DNAŶǔA pSMV-10 + SpeIËŶVFd)PgQpSMV-crp Aªȹ
ªȹrYyeAǠ
$WM6026ƕAľɗɠŬ{qpE^%+
ũì¤ɯ);"$MR-1ƕ0ĬÀũì¤ɯğƕ (single-crossoverƕ) A Kmïƅ LB
ĩĔĆă%ɳŜłśǞǕɗǐƿÕ LBƼ©Ćă% 17ŽʆĆʞ+ł10% (w/v) Y
PYïƅ LBĩĔĆă)Yrae+łKmŔçŎĐǤƕ (double-corssover
ƕ) AYPgQƛǧɴ¤ě+ǰĎ, PCR);"$ǲɌ 
 
2.2.7 LacZw^rYye+ƙȆ 
  omcA;. mtrCƷą& lacZAȳìrYyeAƙȆ>7pJer
Fx (omcA_F-54< omcA_F-1504,mtrC_F-42<mtrC_F-203) &kYrF
x (omcA_R+93 4, mtrC_R+117) (Table 2) A PCR );"$čĶPCR ǟǕ,
QIAquick PCR Purification kit (Qiagen) AǠ
$ 2.2.3 &íƚ+Řư%ȈȹȈȹ










ǠTobd[+ªȹ,¡+ɨ=ȵ"LB Ćă%žĆʞ S. oneidensis
A 2 ml`q)Ƕ16,000 × g, 2Êʆ4ºC%ɱŊĆăAʉ
Ȯ©A 1 ml 300 
mMYPYǈƼ% 2ûƵƸ100 µl 300 mMYPYǈƼ%Ŗǋ+ŖǋƼ
ATobd[&$«Ǡ50 µlTobd[& 1.0–3.0 µgw^r
YyeAƾìƾìƼ,ƫ%Ç9$
O}ar 0.1 cm+Nsad (Bio Rad) 
0Ƕƫ% 5ÊʆʓȞ+Nsad)Micropulser (Bio Rad) AǠ
$ 180 kV
+ʑƩlYAǩ!) 500 µl LBĆăAƾìƾìƼA 1.5 mL`q0Ƕ
30ºC% 2Žʆţ&+ĆʞƼ 100 µlA Gmïƅ LBĩĔĆă)Yrae
ž 30ºC%Ćʞ 
 2.2.9 β-MPdW_\Da[F 
  w^ƕ& LM AǠ
$īŲčƤƇ4%ėƩĆʞȮ©AûæûæĆ
ʞƼA OD600 = 0.1 )(>;)ćɗǐƿÕ+ƄĭĆă%ɏų0.5 ml ȮƼ& 0.5 ml 
Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 2 mM KCl, 200 µl MgSO4, 5 mM 2-{LrdI
^i)10 µl 0.1%SDSǈƼ15 µlPuzAƾì+ƾìƼ0 0.2 ml 4 mg/ml 
2-gdpHg-β-D-MPdoiWeǈƼ (ONPG) AƿÕåŌƼʡȭ)ñȭ
< 0.5 ml 1M Na2CO3AƿÕåŌA¶ơ+Ž4 mg/ml ONPGǈƼAƿÕ
$<1M Na2CO3AƿÕ>4%+ŽʆAǄĠåŌƼA 12,000 × g, 2ÊʆɱŊ
+ǀ+ 420 nm +ð¿AǄĠ-MPdW_\ƶŎ,Ơ+ļ)Ǵ;)
Miller unitư (Miller, 1972) AǠ
$Ƭ71$+ǄĠ, 3ɪ¡%ȵ" 
 
Miller unit = (1000 × Abs420) / (ȮƼ+Ĥɾ (ml) × OD600 × åŌŽʆ (Ê)) 
 
2.2.10 His^Q CRP+Ȉȹ 
  NƉǿ His-tag-CRP+ǥǛrYyeAƙȆ>7MR-1ƕ+ total DNA&rFx
[ad crp_NdeI_F& crp_BamHI_R (Table 2) A«Ǡ PCR);"$ crpɴ¤ěAčĶ
PCRåŌǟǕ, QIAquick PCR Purification kit (Qiagen) AǠ
$ 2.2.3&íƚ+Řư%
ȈȹȈȹ PCR ǟǕ, N Ɖǿ His ^QɷÌA8#ǥǛsP^pET-28a (+) 
(Novagen) + NdeI;. BamHIËŶVFd0PgQƙȆ His-tag-CRPɮ
ÒǥǛrYye (pET-crp; Table 1) A E. coli BL21 (DE3) 0ĬÀł300 mLkap
ɁpYT0À?100 ml+Kmïƅ2 × YTĆă)ÍƇOD600 = 0.05%ƖȮ30ºC
180 rpm % Ź û Ć ʞ    Ȯ © ǋ Ļ  OD600 = 0.5–0.8 ) Ï ɯ   Ž 
isopropyl-β-D-galactopyranoside (IPTG) AƄȐǌĻ 0.1 mM%ƿÕHis-tag-CRPAǥǛ
>7<) 3ŽʆĆʞ50 mlĆʞƼAûæûæĆʞƼAɱŊĆ
ăAʉ
Ȯ©A 300 µl IMAC wash buffer (Bio-Nobile) %Ŗǋ40 µlŖǋƼ& 360 µL 
IMAC wash bufferAƾìȮ©ŖǋƼA 10²Ĵɻ400 µlȮ©ĴɻƼAɚʖƱǰǯ
ƞ (Misonix) );"$ÈǜłɱŊ$ǀAûæQuickPick IMAC Metal Affinity 
kit for proteins (Bio-Nobile) AǠ
$ His-tag-CRPAȈȹȈȹ His-tag-CRP+ǌĻ
,Micro BCA Protein Assay kit (Thermo Fisher Science) AǠ
$ǄĠ 
 
2.2.11 Cy3±ʝ DNAŶǔ+ªȹ 
  Cy3±ʝDNAŶǔ, 5′ƉǿCy3±ʝpJerFx&kYrFx (Table 
2) AǠ
$ PCR%čĶDMYS);"$ȈȹDMYS<+ PCR
ǟǕ+Ȉȹ, QIAEX II Gel Extraction kit (Qiagen) A«Ǡ (2.2.5Aâǒ) 
 2.2.12 SWpdDa[F (EMSA) 
  2 nM +Ȉȹ Cy3 ±ʝ DNA rq0–200 µg + His-tag-CRP AåŌƼ (10 mM 
Tris-HCl (pH 7.6), 0.5 mM EDTA (pH 8.0), 100 mM KCl, 50 µg/ml GWȴǀDqy, 50 
µg/ml poly (deoxyinosinic-deoxycytidylic) acid [poly (dI-dC) ], 0–50 µM cAMP, 10%Q[
) )ƾìƄȐĤɾ 20 µl)ɏų+åŌƼAƫ% 30ÊʆåŌł12.5%w
DPDyeS0ÁɾDrF0.5 × Tris-borate-EDTAAƳØkapC&$
«Ǡ150 V% 30ÊʆƳØȲ¿SǢ»+ŮĿ, Typhoon FLA 9000 (GE Healthcare) 
A«Ǡ$ȵ" 
 
2.2.13 YdrdDnXnZ& DNAŶǔ+ȓì 
  5′ƉǿnK`±ʝ DNAŶǔ,¡+Ÿư% DNA-^lPɗȿöŎrFx (Table 
2) A
)jFq_FZ$ªȹ2 nmol+pJerFx&kYr
FxADgQkapC (10 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 1 mM EDTA) %
Áɾ 100 ml)ɏų+åŌƼA 65ºC+mdqaP% 15ÊʆÕǃłmd
qaP+ʑǆAË=+44:"=& 4ŽʆÇß$Ɗʂ DNA) 
  Streptavidin Sepharose High Performance (GE Healthcare) ,ȓìkapC (20 mM HEPES 
(pH 7.4), 100 mM KCl, 0.5 mM EDTA (pH 8.0), 0.5 mMX`KdFd (DTT), 50 µg/ml 
BSA, 10%Q[) % 3ûƵƸɱŊ$ǀAʉ
YdrdDnXn
Z,ȓìkapC% 50%Y&(>;)Ŗǋ100 µl 50%YA 100 µl
nK`±ʝ 2Ɗʂ DNAǈƼ900 µlȓìkapC&ƾìƾìƼA:"=& 2Ž
ʆûɠƾìƼAɱŊDNAȓìnZAȓìkapC% 3ûƵƸ
ƵƸnZ) 1 ml 1 × Blocking Reagent (Roche) AÕȓìkapC%Ŗǋ
ŖǋƼ, 16Žʆ:"=&ûɠŖǋƼAɱŊǊ5Aʉ
ƮƧ DNA
ȓìnZAȓìkapC% 3ûY100 µl+ȓìkapC%Ŗǋ 
 
2.2.14 DNA-^lPɗȿöŎɂƎ 
  MR-1ƕAʑěçĤ©&$ɺȍ& 10 mMpxɺA«Ǡ LM%ÍƇĠĵƇ4%Ć
ʞ, ʏȮ (ėƩ; 5 ml, ĚƩ; 50 ml)ûæȮƼ, 7,000 g, 5Êʆ4ºCɱŊĆ
ăAʉ
tad, 300 µl+ IMAC wash buffer (Bio-Nobile) %Ŗǋ+ŖǋƼ,
IMAC wash buffer% 10²ĴɻĴɻƼ,ɚʖƱǰǯ (Misonix) ǰǯƼA 10,000 g
%ɱŊ$Ǌ5Aûæ^ lPɗǌĻAMicro BCA Protein Assay kit (Thermo Fisher 
Science) AǠ
$İ+ůªŘʘƂ)ń"$ǄĠ^lPɗǈƼA 20 µg/µl )ɏų
 
  10 µl+ǌĻɏų^lPɗ (200 µgÊ) & 100 µl DNAȓìnZ900 µlȓìka
pCAƾì2 Žʆ:"=&ûɠûɠƾìƼ,ȓìkapC% 3
ûYł25 µl+ 2 × SDS-Buffer%Ŗǋ65ºC15ÊʆÕǃÕǃłɱŊ
Ǌ5 20 µlAƳØǠVr&$ûæ 
  12.5%wDPDyeS (E-T12.5L, ATTO) 0 20 µlƳØǠVrADrF
$SDS-PAGEǠƳØ buffer (AE-1410 EzRun, ATTO) AǠ
$ 200 mA+ĠʑƷ%ƳØ 
  ^lPɗ+ƒȭ,¡+;) AE-1360 EzStrain Silver (ATTO) AǠ
ʀƒȭư);
=ȵ"ƳØwDPDyeSAȋ 500 ml+Ĥɾ+^al0Ƕ100 mlÿ
ĠƼ (40 mlȈȹƪ50 ml{^i10 mlɸɺ1 ml S-1ǈƼ) )ƺ$10Êʆţ&
ÿĠƼAť$SA 100 ml 30%{^iƵƸƼ% 10Êʆţ&$ƵƸł
100 mlȈȹƪ% 10Êʆţ&ȈȹƪAť$SA 100 mlƒȭƼ (100 mlȈȹƪ
1 ml S-2ǈƼ) )ƺ5Êʆţ&ƒȭƼAť$SAȈȹƪ% 30ǵʆƵƸł
100 mlǥȭƼ (100 mlȈȹƪ0.5 ml S-3ǈƼ0.5 ml S-4ǈƼ) )ƺ$ 30ǵʆƠǥȭ
ǥȭƼAť$S) 100 ml+ŷ
ǥȭƼAƺţ&$Ơǥȭ
ɲË(ƒȭ»Ǜ?<ǥȭƼAť$ 100 ml¶ơƼ (100 mlȈȹƪ1 mlɸɺ) )ƺ
10Êʆţ&¶ơƼAť$ 100 mlȈȹƪ% 2ûƵƸłƒȭS, ChemiDoc 





  mtrɴ¤ěȠ+ɠÆÝ§AíĠ>710 mMpxɺïƅ LM%ĆʞMR-1ƕ
<ŝÉȈȹ RNAAǠ




Ǵ? (Figure 1B, lane 1)ŸomcA-mtrCɴ¤ěʆ& mtrC-mtrB+ɴ¤ěʆʚą,č




  ?4%+ǮǼ<omcA;. mtrCɴ¤ěƷ)ɠÆʅĘǏ (transcription start site; 
TSS) ĝĂ>&Ĉò?$
> (Figure 2) (Shao et al. 2014, Beliaev et al. 2001). Shao 
et al. (2014) );> 5′ end sequencingưAǠ
ȘȟǧɠÆʅĘǏ+ŨȎ+ȓƏomcA+ʅ
ĘTe< 93 bpƷ)ɠÆʅĘǏ (TSSomcA; Figure 2A) ȽÉ?$
>4Beliaev 
et al. (2001) );> 5′-RACEɂƎ+ȓƏmtrC+ ATGʅĘTe< 119 bpƷ) TSS 













rFx¥ʃư);"$8ǲɌ? (Figure 3)mtrA& mtrB+ɷÌǖǤǧ(rFx
A«Ǡ 5′-RACE%, TSSmtrC+)ɠÆʅĘǏ,ǥȽ?(" 

2.3.2 ǥǛl^+ɂƎ 
















  omcA & mtrC +Ʒ)§Ȟ>r|^ (PomcA& PmtrC) +ƶŎAɈ¯>7)





ĚƩƌ£%ĆʞǞȣƥʋ [ƇīŲčƤƇ (ML), łƇīŲčƤƇ (LL), ÍƇĠĵƇ 
(ES)] &+r|^ƶŎAǄĠ (Figure 5)+ȓƏPomcA,ėƩƌ£%,īŲ
čƤƇ (ML, LL) %ʠ























čƤ&&8)ƶŎ+¨Ǵ? (Figure 5A, B)?<+r|^+ƶŎ














  r|^ʚą+Ȕ=ɤ5Aȵ7omcA & mtrC +Ʒɴ¤ěʆʚą;. 5′Ɖ
ǿAcWʚąAȑ5ɤB w^rYye (Table 1; pMEomcA-54, 
pMEomcA-104, pMEmtrC-42, pMEmtrC-100, pMEmtrC-144) AMR-1ƕ)ĬÀw^
Da[FAȵ" (Figure 6)w^ƕ,ėƩƌ£4, 10 mMpxɺAǠ
Ě
Ʃƌ£%ĆʞÍƇĠĵƇ)> LacZƶŎAǄĠ 
  PomcA+ 5′ƉǿcWɂƎ+ȓƏėƩƌ£;.ĚƩƌ£&8) TSSomcAƷ+
-104<-544%+ʚąAƟŭ&r|^ƶŎȯǂĭ>&Ǵ




ɤB &ėƩƌ£%+5r|^ƶŎ 2 ²ǷĻź+;(
ƶŎź,ĚƩƌ£%,ɀĪ?("+ȓƏ<-150 <-104 4%+ʚą),
ėƩƌ£)> PomcA+ɠÆřÐ)ʇ>ɷÌï4?>&Ǵø? 
  PomcA+ɠÆřÐ)ʇ>ʚąA<Ȕ=ɤ67;=Ɋȏ( 5′ƉǿcWɂ
ƎAȵ" (Figure 7)?4%+ɂƎ;=8ǘ
ʆʌ% 5′ƉǿcWw^
rYye  (Table 1; pMEomcA-69, pMEomcA-84, pMEomcA-95, pMEomcA-116, 





















2.3.5 ∆crpĐǤƕ)> omcA& mtrC+ǥǛ 










ɡAȵ" (Figure 6) ∆crpĐǤƕ,pxɺAƿÕɺƄĭĆă%,čƤ
(
&ǭ<?$= (Saffarini et al. 2003)ƊǮǼ%8∆crpĐǤƕ+pxɺÎǠȥ+Ɵ
ĖȽ<?7∆crp ĐǤƕAǠ
r|^ƶŎ+ɂƎ,ėƩĆʞƕA«Ǡ




& mtrC +ǥǛɾA qRT-PCR );"$ɂƎ+ȓƏw^Da[F+ȓƏ&
íƚ)WT &ƨɡ$ȯ¨
ǥǛǲɌ? (Figure 3)?<+ȓƏ;= PomcA
& PmtrC+ƶŎ), CRPŋȼ%	>&Ǵø? 
 
2.3.6 PomcA;. PmtrC& CRP&+ǪªǠ+Ɉ¯ 
  ƊɂƎ%,TSSomcA& TSSmtrCƷ+ǥǛƶŎÙʚą& CRP +ȓìŎAƗɇ>7S
WpdDa[F (electrophoretic mobility shift assay; EMSA) Aȵ" (Figure 8) 
  PomcA&CRP&+ǪªǠɂƎ%,TSSomcA;=-87<-35+ʚą (PBomcA1; Figure 8A) 
&-50<+13+ʚą (PBomcA2; Figure 8A) + 2Ǹʜ+ Cy3±ʝ DNAŶǔ& CRP&+Ǫ
ªǠAɈ¯+ȓƏǥǛƶŎÙʚąAï6 PBomcA1+ DNAŶǔ%, CRP&+
ȓìǲɌ?ǥǛƶŎÙʚąAï4(
 PBomcA2 %,ȓìɀĪ?(" 
(Figure 8B)+ȓƏ<PomcA+ǥǛƶŎÙʚą), CRPȓì>&Ż<)(






  Ơ)PmtrC& CRP&+ǪªǠɂƎAȵ"CRP&+ǪªǠAɈ¯> DNAʚą





+ 2Ǹʜ+ DNAŶǔ& CRP&+ǪªǠɂƎAȵ"ȓƏCRP& PBmtrC1+ȓì,
ǲɌ?CRP& PBmtrC2&+ȓì,ǲɌ%(" (Figure 8C)4cAMP+
ƅǐ DNA+ȓìƶŎ)>Ŀʗ)#
$8ƗɇȓƏCRP & PBmtrC1+ȓì)
, cAMPŋȼ%	>&Ǵ? (Figure 8C) 






  PomcA )>ɠÆřÐ)ʇɪʚą,w^Da[F);"$Ȕ=ɤ4? 
(Figure 7)Ȕ=ɤ4?ʚą),ğÁ(lezɷÌǥȽ? 
(5′-AAAAGGAACTCAGATGATGCTGTT-3′; TSSomcA<-90_-113) (Figure 2A)+7ƈ
ǭ+ɠÆüě PomcA+ɠÆřÐʚą0ȓì>&Ȣ<?%PomcA+ɠÆř
Ðʚą0ȓì>^lPɗ+ŨȎAȵ7)DNA&^lPɗ+DpEgbEɂ
ƎAȵ"ƊɂƎAȵ7DNA rq&$ CRP ȓìʚąAï6-54 <-84 4
%+ʚą (PAomcA1)ŪĠraVȓìʚąAï6-85<-116 (PAomcA2)CRPȓì
ʚą&ŪĠraVȓìʚą+ŸAï6ʚą (PAomcA3) + 3 ǸʜAªȹ 
(Figure 9A)?<+ DNAŶǔAȓìnZA¾ċLz)MR-1+ȇ^l











  ƊɂƎ+ȓƏ<PomcA)>ɠÆřÐüě, PAomcA3)+5ȓì&<





  ƊǮǼ<ȏȤđʑě¤ɯȒɞ+ȼ(ƙŗ^lPɗATe> mtr ɴ¤ěȠ+














et al. 2002, Stülke et al. 1999)S. oneidensis MR-1ƕ)> CRP, mtrɴ¤ěȠ9Ē+Ě









  ƊǾ+ qRT-PCR &w^Da[F+ȓƏ<∆crp ƕ)
$ PomcA& PmtrC+ɠÆ





CRP, PomcA& PmtrC+Ƣ+ɠÆÐņüě&$ƞȥ>&Ǵ? 





 (Kolb et al. 1993, Botsford and Harman 1992)CRP,)-10 box&-35 box+ɥɣ%Ƚ<?
>ÃɨɷÌ (5′-TGTGA-6N-TCACAA-3′) 0_Fx&$ȓìRNA w{\&
DNA+ȓìAǩũÖ>&);=ɠÆAƶŎÙ$
>CRP);>ɠÆÐņ
ƞƙ),ʔĵ)Ēƚ%	> (Kolb et al. 1993, Botsford and Harman 1992, Busby and Ebright 
1997)TSSomcA& TSSmtrCƷ+ÃɨɷÌ, TSS <??-61.5 &-60.5 +§Ȟ)$
=+§Ȟ)ĝĂ> CRPȓìʚą, class I CRP®ĝr|^)Êʜ?> (Joung 
et al. 1993, Tebbutt et al. 2002)<)PomcA& PmtrC),ŻǦ(-35 boxȽ<?("
-10 box, E. coli%+°ĝɷÌ&ʜ¦ɷÌ (5′-TATAAT-3′; Kolb et al. 1993, Raibaud and 




> CRP8 E. coli&íƚ+ȓìƚļ);=ƛǧɴ¤ě+ɠÆAÐņ$
>&Ȣ<?>
4ėƩƌ£%Ćʞ MR-1 ƕ) cAMP AƿÕ&pxɺɵ½ȥƶŎÙ







łPomcA;. PmtrC+ CRP ®ĝǧɠÆÐņƞƙ+ÁĤAɂŻ>),ȏȤÄ cAMP
ǌĻ+Ðņƞƙ)#
$8Ż<)>ŋȼ	> 





























(Beliaev et al. 2005, Teal et al. 2006)ƊǮǼ+ȓƏ<ĠĵƇ)
$ PmtrCĚ
ƩĆʞŽʣ10 mM;. 50 mMpxɺɵ½Žʤ;=8ėƩĆʞŽ%ʠ
ƶŎAǴ&















*'òsë 39vuðá#E. coli CytR& CRP¾¿W^º
)Þcp
 PomcA Þc,g)	$*  (Kristensen et al. 1997, 









 CRP rR DNA  ÊlJDL;5
O¬Ñ)Q×V,) 
  5′£Ç=JO6INÖ¦&) PmtrC¼¸±hòsË(à"mtrC æZQ²


























Figure 1. mtrɴ¤ěPY^& RT-PCR. A. mtrɴ¤ěȠ+ƙŗ&ɠÆgad+Ɯļþ
ġț+ǬÞ, omcA& mtrC+ër|^ (PomcA, PmtrC) +§Ȟ&ŸîAǴäŸî
+ǬÞ,RT-PCR%+ƛǧ&ʚąAǴǦȭ+úɁ,EMSA);"$íĠCRP
ȓìʚąAǴB. mtr ɴ¤ěȠ+ RT-PCRɂƎǣê, A+ƛǧʚą&í%



























Figure 2. omcA (A) & mtrC (B) +ƷɷÌTSSomcA& TSSmtrC+§Ȟ (+1) AǴomcA
;. mtrCɴ¤ě+ɷÌ,Ȝ5%ǴTSSƷ+ÃɨɷÌ,ʢƐ%ý"ŪĠ











































 CE9DA_c/PRe[iufMgd#CE9DA_ck/PR !  ]pMe[
iufMgd#mINSO  dAe ! 2,N  2 ADFVTnC,RO  dAe 	! ^Q
.ioG, 76 '4b\G, 53. '4T`G,CE9DA_crj.%R#dAe 6.1
NM 88364 88.6488664886488164! TtnG-T`G,=A<e>E?A.%R#
KNhqNga/ZG-%R#
  




















Figure 4. qRT-PCRWT&∆crp)> omcA& mtrC+ qRT-PCRɂƎȮ©AÍƇĠĵƇ
)ɯ>4%ʑěçĤ©&$ɺȍ (ʒȭ) & 10 mMpxɺ (Ɲȭ) AǠ
LM%Ćʞ
ɺȍAǠ
WT+ mRNA+ǥǛsA 1&$Ɉ¯Ik, 3ɪ¡
%ȵ"ǄĠȓƏ<ȃÉƛǇµĳAǴ$

















































Figure 5. -MPdW_\Da[FPomcA (A) & PmtrC (B) +ƶŎɈ¯ʑěçĤ©&
$ɺȍ (ʒȭ)10 mMpxɺ (Ɲȭ)50 mMpxɺ (Ǎȭ) %Ćʞ pMEomcA-150
4, pMEmtrC-203 AĬÀ MR-1 ƕ)> LacZ ƶŎAƇīŲčƤƇ (ML) ;












































Figure 6. 5′ƉǿcWɂƎ);> β-MPdW_\Da[FomcA (A) &mtrC (B) 
+Ʒą)> 5′ƉǿcWɂƎpMEWZrYyeAĬÀWT;









































Figure 8. SWpdDa[F (EMSA) );> omcA;. mtrCƷą& CRP&+Ǫª
ǠɂƎA. «Ǡ DNAŶǔ,k&$Ǵ5′& 3′Ɖǿ,ë TSP (+1) <+§ȞA
Ǵ$
>TSS, Figure 2%Ǵ8+&í%	>B, C. cAMP+ƅǐ (ƅ=; +, ǐ; 
-) )>rq0+ CRP+ȓìDNAŶǔ, PCR);"$ªȹ5′Ɖǿ) Cy3A
±ʝCRP+ǌĻ,·)ǴʔǖǤǧke,DY^YP (*) %Ǵ 
  
CRP (ng)
cAMP − − −+ +
0 050 75 100 200
PBomcA1 PBomcA2
−+ + − −+ +
*
CRP (ng)
cAMP − − −+ +
0 050 75 200



















Figure 9. DNA&^lPɗ&+DpEgbEɂƎA. «Ǡ DNAŶǔ,k&$

















































Strain or plasmid Relevant characteristic Source or reference 
E. coli strains   
DH5α F-, φ 80dlacZ∆M15, ∆(lacZYA-argF)U169, deoR, recA1, endA1, 
hsdR17(rK-, mK+), phoA, supE44, λ-, thi-1, gyrA96, relA1 
Takara 
JM109 recA1. endAl, gyrA96, thi. hsdR17, supE44, relA1, λ-, 
∆(lac-proAB), [F’, traD36, proAB, lacIq Z∆M15] 
Yanisch-Perro
n et al. 1985 
JM109λpir JM109 lysogenized with λpir Penfold and
Pemberton, 
1992 
WM6026 lacIq, rrnB3, DElacZ4787, hsdR514, DE(araBAD)567, 
E(rhaBAD)568, rph-1, att-lambda::pAE12-del(oriR6K-cat::frt5), 






BL21 (DE3) F ompT hsdR17 (rB mB+) gal dcm(DE3) F, ompT, hsdSB (rB 
mB), gal(λcI 857, ind1, sam7, nin5, lacUV5-T7gene1), dcm(DE3) 
Novagen 
   
S. oneidensis strains   
MR-1 Wild type ATCC 
∆crp SO_0624 (crp) disrupted This study 
∆cpdA SO_3901 (cpdA) disrupted This study 
∆cyaC SO_1329 (cyaC) disrupted This study 
∆cpdA∆crp SO_3901 (cpdA), SO_0624 (crp) disrupted This study 
∆cpdA∆cyaABC SO_3901 (cpdA), SO_4312 (cyaA), SO_3778 (cyaB), SO_1329 
(cyaC) disrupted 
This study 
∆ldhA SO_ (ldhA) disrupted Nakagawa et 
al. 2015 
   
Plasmids   
pET-28(a) Expression vector, T7 promoter Novagen 
pET-crp pET-28(a) containing N terminal His-tag-crp This study 





pSMV-crp 1.6 kb fusion PCR fragment containing ∆crp cloned into the SpeI 
site of pSMV-10 
This study 
pSMV-cpdA 1.6 kb fusion PCR fragment containing ∆cpdA cloned into the 
SpeI site of pSMV-10 
This study 
pSMV-cyaA 1.6 kb fusion PCR fragment containing ∆cyaA cloned into the 
SpeI site of pSMV-10 
This study 
pSMV-cyaB 1.6 kb fusion PCR fragment containing ∆cyaB cloned into the 
SpeI site of pSMV-10 
This study 
pSMV-cyaC 1.6 kb fusion PCR fragment containing ∆cyaC cloned into the 
SpeI site of pSMV-10 
This study 
pMElacZ pME4510 derivative, lacZ Gmr Endoh et al. 
2003 
pMEomcA-54 pMElacZ containing region from -54 to +93 relative to TSSomcA This study 
pMEomcA-104 pMElacZ containing region from -104 to +93 relative to TSSomcA This study 
pMEomcA-116 pMElacZ containing region from -116 to +93 relative to TSSomcA This study 
pMEomcA-127 pMElacZ containing region from -127 to +93 relative to TSSomcA This study 
pMEomcA-150 pMElacZ containing region from -150 to +93 relative to TSSomcA This study 
pMEmtrC-42 pMElacZ containing region from -42 to +116 relative to TSSmtrC This study 
pMEmtrC-100 pMElacZ containing region from -100 to +116 relative to TSSmtrC This study 






Strain or plasmid Relevant characteristic Source or reference 
pMEmtrC-203 pMElacZ containing region from -203 to +116 relative to TSSmtrC This study 
pMElldP+1 pMElacZ containing region from +1 to +192 relative to TSSlldP This study 
pMElldP-60 pMElacZ containing region from -60 to +192 relative to TSSlldP This study 
pMElldP-182 pMElacZ containing region from -182 to +192 relative to TSSlldP This study 
pMElldP-541 pMElacZ containing region from -541 to +192 relative to TSSlldP This study 
pBBR1MCS-2 Broad-host-range vector, lacZ promoter, Kmr Kovach et al. 
1995 
pBBR1MCS-5 Broad-host-range vector, lacZ promoter, Gmr Kovach et al. 
1995 
pBBRcrp pBBR1MCS-2 containing crp This study 
pBBRdld pBBR1MCS-2 containing dld This study 
pBBRcyaC pBBR1MCS-2 containing cyaC This study 
pBBRScpdA pBBR1MCS-5 containing S. oneidensis cpdA This study 





Primer Sequence (5′–3′) For use 
cpdA_FO CGTTTCTACTTTTATTGGGC cpdA disruption 
cpdA_5_OUT GATCACTAGTGATTCATCACAGGCACAAGG cpdA disruption 
cpdA_5_IN AACTTTGGTACCGATCACTTTCAGCACATTGAATACCC cpdA disruption 
cpdA_3_IN GTGATCGGTACCAAAGTTGGTTATTAACGCGAATGACC cpdA disruption 
cpdA_3_OUT GATCACTAGTCCTAAATGGTTAGGTCGGG cpdA disruption 
cpdA_RO GCTTCATCGACACTGTTATC cpdA disruption 
cyaA_FO CTAATAATGCTTTAACGCGC cyaA disruption 
cyaA_5_OUT GATCACTAGTGAGATAAAGCTGGCGATACG cyaA disruption 
cyaA_5_IN GGTAGCGTTGCTCACGCTATCCATCCTAGAACACAACAC cyaA disruption 
cyaA_3_IN AGCGTGAGCAACGCTACCTTTTAAGCGGGAGCTACCTC cyaA disruption 
cyaA_3_OUT GATCACTAGTGTACAGTGGCGTACCATAGG cyaA disruption 
cyaA_RO CGCATTATTAAAGGCATGCC cyaA disruption 
cyaB_FO GATCTTAAGGCGATCTCAGG cyaB disruption 
cyaB_5_OUT GATCACTAGTACTGCAGATCCACGATATCC cyaB disruption 
cyaB_5_IN CTGAGCCACGATTGAGTTATTCATCAACAATCTCCATTTTTAC cyaB disruption 
cyaB_3_IN AACTCAATCGTGGCTCAGCAATAATCGCTTTGCTGGG cyaB disruption 
cyaB_3_OUT GGGATCACTAGTCGTAATCGCCACCATTCC cyaB disruption 
cyaB_RO AACCTTATTTGCACAGGTCG cyaB disruption 
cyaC_FO CCCCTCAAAATCTGAGCG cyaC disruption 
cyaC_5_OUT GATCACTAGTGCGCTAATATGATGGCAGG cyaC disruption 
cyaC_5_IN AGCGCCGTTGGTACCTGATGCTCTCACAACGGGTTTTG cyaC disruption 
cyaC_3_IN TCAGGTACCAACGGCGCTCCTTTATAAGACTCACAACAGG cyaC disruption 
cyaC_3_OUT GATCACTAGTCGGTGAAGAAGTCGTACAG cyaC disruption 
cyaC_RO CAGTTGATTGAACGTGACC cyaC disruption 
crp_5_OUT GGACTAGTGGTCACGTTTAATCAACTGGCC crp disruption 
crp_5_IN GGTAGCGTTGCTCACGCTCAGAGCCATGTCGATGTTCCTCG crp disruption 
crp_3_IN AGCGTGAGCAACGCTACCCGTTAAGTTAGACTTCAGCTTG crp disruption 
crp_3_OUT GGACTAGTGGGTTTACCTAAATAATCATCGG crp disruption 
crp_RO GGCCATGGGCACGATGAATAAGTGC crp disruption 
dld_F_BamHI CGCGGATCCACCATCTTGTTCGAAGTCAC dld complementation 
dld_F_XbaI CTAGTCTAGACTTCTAAAGAAAAACGGGGC dld complementation 
qRT-16S-F AGCGCAACCCCTATCCTTAT 
qRT-PCR for 16S rRNA 
gene 
qRT-16S-R CGTAAGGGCCATGATGACTT 
qRT-PCR for 16S rRNA 
gene 
qRT-omcA-F GGATACGGCGTTGAAGATGT qRT-PCR for omcA 
qRT-omcA-R TGGTATCCGTTCCATTCCAT qRT-PCR for omcA 





Primer Sequence (5′–3′) For use 
qRT-mtrC-R GCTTCGTTAGTGGCGAAAAC qRT-PCR for mtrC 
qRT-lldP-F GGCGTTTCATGCAAGTC qRT-PCR for lldP 
qRT-lldP-R ATCGACGCAAGACCTGC qRT-PCR for lldP 
qRT-dld-F CATCGGCACTCAACTTCTCA qRT-PCR for dld 
qRT-dld-R CGCAGGTATCAATCACATCG qRT-PCR for dld 
qRT-lldF-F CGACCTACAGCGCCTTCTAC qRT-PCR for lldF 
qRT-lldF-R AGTGTTAAGGCAGCCACCAC qRT-PCR for lldF 
qRT-ldhA-F GACCCCTACCCTAATCCAGC qRT-PCR for ldhA 
qRTldhA-R GACCCCTACCCTAATCCAGC qRT-PCR for ldhA 
crp_NdeI_F CATGCATATGATGGCTCTGATTGGTAAGCC pET-crp 
crp_BamHI_R GATCGGATCCTTAACGGGTACCATATACCAC pET-crp 
PE-mtrC-100 CCATCACTACCATCATTGCC Primer extension 
RT-omcA-mtrF-F TAACAATGGCACCTTCACCA RT-PCR 
RT-omcA-mtrF-R TCGCCACCTTTATGGATAGC RT-PCR 
RT-omcA-F CCATCAGGCGTTGATAACCT RT-PCR 
RT-omcA-R ATACCCAAATTACGGCACCA RT-PCR 
RT-omcA-mtrC-F GAAAGCCCACGAAAGTGAAG RT-PCR 
RT-omcA-mtrC-R CCTTCTACGTGGCAAGAAGC RT-PCR 
RT-mtrCAB-F AAGAAGAAAGGCGCATTGAA RT-PCR 
RT-mtrCAB-F GAGTGCGGTAAACCAACGAT RT-PCR 
RT_lldP_F CGCCGCCGTGTTTATTTGGC RT-PCR 
RT_lldP_R GGATTGCTTAATCGCAGGGC RT-PCR 
RT_lldP-dld_F CGCCACTCAAAGCTTGGC RT-PCR 
RT_lldP-dld_R CCAATAACGGCCGCGCC RT-PCR 
RT_dld_F CCGTTTTGCTTGGTCTACCG RT-PCR 
RT_dld_R GCCCTTTACGCATCGCCC RT-PCR 
RT_dld-lldE_F GAGCCCAAGATGCAAGCG RT-PCR 
RT_dld-lldE_R CGGCTCCTTCATCGACGGC RT-PCR 
RT_lldEF_F CAGCCTTGCTACGCCAAGCG RT-PCR 
RT_lldEF_R GGTTAGCGCCCATATCGGC RT-PCR 
RT_lldFG_F CTAAGGCTGGCGAGTCCG RT-PCR 
RT_lldFG_R GCAGTGCCGCAAGGCCGC RT-PCR 
omcA_R+93 GTAGAAGCTTGATATTTCCCTGCAATAGTTTTAATCA HindIII, LacZ reporter 
assay 
omcA_F-54 GATGGAATTCTTACCCGCTTAAAGTGACTG EcoRI, LacZ reporter assay 
omcA_F-69 GTACGAATTCTCAGATCTCAATCACATTACC EcoRI, LacZ reporter assay 
omcA_F-84 GTACGAATTCCCTCAAAAGAAATAGTCAG EcoRI, LacZ reporter assay 
omcA_F-95 GTACGAATTCGCTGTTATCTACCTCAAAAG EcoRI, LacZ reporter assay 





Primer Sequence (5′–3′) For use 
omcA_F-116 GTACGAATTCTATAAAAGGAACTCAGATGATGC EcoRI, LacZ reporter assay 
omcA_F-127 GTACGAATTCGCAACTGCCAATATAAAAGG EcoRI, LacZ reporter assay 
omcA_F-150 GATCGAATTCATGATGCAGGCCCAAAAG EcoRI, LacZ reporter assay 
mtrC_R+117 GATGAAGCTTTTTTCCCTGCATAGGTTTGG HindIII, LacZ reporter 
assay 
mtrC_F-42 CTCGGGATCCGCTTAGAAGATTTTAACGGCATGT BamHI, LacZ reporter 
assay 
mtrC_F-100 TGACGGATCCCCTTGTGGTTTAACTACCTCTTTAGAA BamHI, LacZ reporter 
assay 
mtrC_F-144 CTACGGATCCTCCACCTCACTATCTGTTGTTTTTTTGCTCTC BamHI, LacZ reporter 
assay 
mtrC_F-203 CTACGGATCCAATTATCTGAATCGAGAGACGAAA BamHI, LacZ reporter 
assay 
lldP_+192_R GATCGTCGACGCTTGCCTCTACATAAAGTGG SalI, LacZ reporter assay 
lldP_+1_F GATCGAATTCTCATACAGCAGCCAAAATG EcoRI, LacZ reporter assay 
lldP_-60_F GATCGAATTCCATGTTTTTTAAAAAAATATTTG EcoRI, LacZ reporter assay 
lldP_-182_F GATCGAATTCGGATCAGTTAATTGCAATAC EcoRI, LacZ reporter assay 
lldP_-360_F GATCGAATTCCAAAGCGTGACCAGAATCAC EcoRI, LacZ reporter assay 
lldP_-541_F GATCGAATTCGCCGTATCGCAGCAAAAGCC EcoRI, LacZ reporter assay 
omcA_RACE_out CCGCGGTCAGCTTCTGTTTCTCCCAC 5-RACE PCR 
omcA_RACE_in CGGGAGTTAATTGCGCAATACCAAATCGC 5-RACE PCR 
mtrC_RACE_out CGCCCCTTCCGGTATTAATTGCAGTGC 5-RACE PCR 
mtrC_RACE_in GCGAGACCAATCACTGGCATGTCGGC 5-RACE PCR 
lldP_race_out GCGCCGAAGATGATGGTTAAGGGGG 5-RACE PCR 
lldP_race_in ACAACGGATGCGGCCAATAGAGTGG 5-RACE PCR 
omcA-50_F CCCGCTTAAAGTGACTGATAAATACC 5-Cy3, PBomcA2 
omcA-87_F CTACCTCAAAAGAAATAGTCAG 5-Cy3, PBomcA1 
omcA+13_R GGAATTAGATCCCACCTGTAAGGC 5-Cy3, PBomcA2 
omcA-35_R CAGTCACTTTAAGCGGGTAATG 5-Cy3, PBomcA1 
mtrC-4_F CCTTGGGGAATTCTATTTCC 5-Cy3, PBmtrC2 
mtrC-143_F TCCACCTCACTATCTGTTGTTTTTTTGCTCTC 5-Cy3, PBmtrC1 
mtrC+117_R TTTTCCCTGCATAGGTTTGG 5  -Cy3, PBmtrC1, 
PBmtrC2 
lldP_EMSA_F GGATCAGTTAATTGCAATAC 5-Cy3, PBlldP1, PBlldP2 
lldP_EMSA_R_1 TCAGATAGTTATAAAAAAGG PBlldP1 
























ldhA_EMSA_F TTTGTGCAATAGATGATAAAGCTCACTCTTTTTACGGGGTAA 5′-Cy3, PBldhA 
ldhA_EMSA_R TTACCCCGTAAAAAGAGTGAGCTTTATCATCTATTGCACAAA PBldhA 
ldhA_EMSA_mut_F TTTGTGCAATAGACCCCCAAGCGGGGGCTTTTTACGGGGTAA 5′-Cy3, PBldhAm 
ldhA_EMSA_mut_R TTACCCCGTAAAAAGCCCCCGCTTGGGGGTCTATTGCACAAA PBldhAm 
PA_omcA_-85_-116
_F 




















qRT-pta-F TAGGTGCCCTGCTGCTTACT qRT-PCR for pta 
qRT-pta-R GAGGTTTGCCAAGTGTTGGT qRT-PCR for pta 
qRT-pflB-F CCCAATGGTTGTGGGTAAAC qRT-PCR for pflB 
qRT-pflB-R AGTGATTGGGTCTGCTTTGG qRT-PCR for pflB 
qRT-pykA-F CAAAATCGTCACCACACTGG qRT-PCR for pykA 
qRT-pykA-R TGAGTAGCGCGTTTGAGATG qRT-PCR for pykA 
qRT-metK-F ATGCCAGCAACGAAACTGAC qRT-PCR for metK 
qRT-metK-R ACTTGGCTTTTCGCATCTGG qRT-PCR for metK 
qRT-hisC-F AGCAAAATTGTCGCCAGTCG qRT-PCR for hisC 
qRT-hisC-R AAAGGTTTGCGCGCTAATGG qRT-PCR for hisC 
qRT-acs-F TAATCCAAAGGGCGTATTGC qRT-PCR for acs 
qRT-acs-R AACCTACATCGGCCGTACAC qRT-PCR for acs 
qRT-metR-F TCAGCTAAGGGTTGGGATTG qRT-PCR for metR 
qRT-metR-R TTCTAGGGCATTGAGCCGAGT qRT-PCR for metR 
qRT-metE-F GAAGGTGTGGGCTTTACCAA qRT-PCR for metE 





Primer Sequence (5′–3′) For use 
ScpdA_F_EcoRI GGCCGGAATTCTGGCAGTCAACAACGTTTGG S. oneidensis cpdA 
complementation 
ScpdA_R_BamHI GGCGCGGATCCTTCCTCAAGCTGCGGTCATT S. oneidensis cpdA 
complementation 
EcpdA_F_KpnI GGGGGGTACCGCGATTCCGGTTTATTAGCG E. coli cpdA 
complementation 
EcpdA_R_BamHI GGGGGGGATCCCGAGCTGTTGAAACCGTG E. coli cpdA 
complementation 
cyaC_F_EcoRI GGGGGAATTCCTATAAACTACGGCATCCTG cyaC constitutive 
expression 
cyaC_R_SacI GGGGGAGCTCTGAGTATTTTGCCTGTTGTG cyaC constitutive 
expression 
crp_F_EcoRI GGGGGAATTCTTTCGTTTTAATCAATCGAGG crp constitutive expression 
crp_R_BamHI GGGGGGATCCGATACAGGCTTAAATCAAGCTG crp constitutive expression 
Ȁ 3Ǿ CRP);> D-ɺ ɑȊ+Ðņƞƙ+ɂƎ 

3.1 ȚɄ 
  ÑǾ+ȓƏ<S. oneidensis MR-1ƕ)
$ EETȒɞ+ƙŗ^lPɗATe>
mtr ɴ¤ěȠ+ǥǛ CRP );"$ǩũÐņ?>&Ż<)("Ÿ?<
+õðȊ)ʑěA­>ǎȍ ɑȊ+ǥǛƞƙ),Ż(ǏĒ
MR-1ƕ,ǎȍǆ
ʑěǆ&$ɺAėB%«Ǡɺ+ɺÙAɃę>ɺȦƪȍɹȍ  (lactate 











  «ǠȮƕ&rYye,Ȁ 2Ǿ+ Table 1)ǴȑŬ^lPɗǥǛǠēȧȮ
BL21 (DE3) , LB;. 2 × yeast extrac-triptone (2 × YT) ĆăAǠ
$ 30ºC4, 37ºC%
ėƩĆʞS. oneidensis, 10 mM DL-ɺD-ɺL-ɺ4,onɺAù+
ǎȍǆIhOǆ&$ƿÕƄĭĆă (9 mM (NH4)2SO4, 5.7 mM K2HPO4, 3.3 mM 
KH2PO4, 30 mM HEPES-NaOH (pH 7.4)) (DL-LMM, D-LMM, L-LMM, PMM&õ/) %Ćʞ
ėƩĆʞ%,5 ml+ĆăAȋ 30 mL+Ĥɾ+ɉʟȄ0À?S. oneidensisAOD600 = 0.05
%ũǸWTƔ%ȱA180 rpm%ţ&ĆʞAȵ
ĠĵƇ4%ĆʞAȵ"
ĚƩĆʞ%,5 ml+ĆăA 13 mL+*èɉʟȄ0À?ʑěçĤ©&$ 30 mM px
ɺAƿÕS. oneidensisA OD600 = 0.01)ū$ũǸq`UzƔ&YP
N}ar%ħƔǽȍlX);=ĚƩǗŕ)łʓȞ%ĠĵƇ4%Ćʞ
OD600,Miniphoto518R (Taitech) AǠ
$ǄĠAȵ"ŋȼ)Ō$Ćă), 100 µg/ml 




  S. oneidensisA DL-LMM%ėƩƌ£%ĠĵƇ4%Ćʞł1 ml+ĆʞǀAûæ
ĆʞǀA 0.2 µm+{qpE^)ɨ+łĆʞǀ+ D-/L-ɺ+ǌĻ
Aɹȍư (F-kit D-/L-lactate, JKF^fWf) AǠ
$ǄĠ340 nm+ð¿Ļ
ʣAbs340ʤ, 1200lab (Hitachi) AǠ
$ǄĠ96 ǻrdÄ) 90 µl H2O, 100 µl 
Solution 1, 20 µl Solution 2, 2 µl Solution 3, 10 µlY^_e4,ĆʞǀAƾìĢ
ǃ% 5ÊʆʓȞAbs340AǄĠ (E0)1$+åŌƼ0 2 µl Solution 4AƾìĢ
ǃ% 30ÊʆʓȞłAbs340AǄĠ (E1)<)åŌƼ0 2 µl Solution 5Aƾì
Ģǃ% 30ÊʆʓȞłAbs340AǄĠ (E2)E1& E0;. E2& E1&+ĳAƬ7
Vr+ D-ɺ;. L-ɺ+ǌĻAȃÉ1$+ɂƎ, 3ɪ¡%ȵ" 
 
3.2.3 RNA+ŝÉȈȹ 
  RNA, DL-LMM%īŲčƤƇ4%ėƩĆʞAȵ" S. oneidensis< 2.2.2)ɅŸ




  ƛǧɴ¤ě (16S rRNA, lldP, dld, lldF, ldhA) +DNAŶǔ,MR-1ƕ+ total DNA< PCR
AǠ
$čĶDMYS);"$Ȉȹ (2.2.5Aâǒ)Total RNA, DL-LMM
%īŲčƤƇ4%ėƩĆʞȏȤ<ŝÉȈȹ (2.2.2Aâǒ)ƛǧɴ¤ě+mRNA
ǥǛɾ,pCYɴ¤ě (16S rRNA) +ǥǛɾ);"$ƛǇÙ1$+ɂƎ, 3
ɪ¡%ȵ" 
 
3.2.5 crp;. dldɴ¤ěǥǛǪȸrYye+ªȹ 
  crp;. dldɴ¤ěŏĵǥǛrYye (pBBRcrp, pBBRdld) Aªȹ>7crp;
. dldɴ¤ěA Phusion High-Fidelity DNA polymerase (New England Biolabs) &rFx
crp_F_EcoRI, crp_R_BamHI4, dld_F_BamHI, dld_R_XbaI (Ȁ 2Ǿ Table 2) A«Ǡ$
PCR);"$čĶPCRǟǕ, QIAquick PCR Purification kit (Qiagen) AǠ
$Ȉȹ 
(2.2.3Aâǒ)Ȉȹ dldŶǔ,ĸĥąrYye pBBR1MCS-2+ EcoRI& BamHI4
, BamHI & XbaI +ÐʈɹȍÈǜVFd0FSWªȹrYye 
(pBBRcrp, pBBRdld) Ä+ crp4, dldɴ¤ě+ɷÌ,WRYɂƎ);"$ǲɌ 
 
3.2.6 ɠÆʅĘǏ+íĠ 
  ɠÆʅĘǏ+íĠ, 2.2.3)ɅŸư)ń
5′-RACEư);"$ȵ"RNA&r




  MR-1ƕ+ total RNA 5.0 µg&SuperScriptIII reverse transcriptase (Invitrogen)Rnadom Primers 
(Invitrogen) A«Ǡ$ɧɠÆAȵ
cDNA Aªȹªȹ cDNA AȈȹłȀ 2
Ǿ Table 2)ɅrFx[ad);"$ PCRAȵ
DMYSʑƩƳØ);
"$Ǩǧ DNAŶǔ+čĶAǲɌɊȏ(Ÿư, 2.2.4)Ʌ 
 
3.2.8 LacZw^rYye+ƙȆ 
  lldP Ʒą& lacZ AȳìrYyeAƙȆ>7pJerFx 
(lldP_+1_F< lldP_-541_F) &kYrFx (lldP_+192_R) (Ȁ 2Ǿ Table 2) A PCR
);"$čĶPCRǟǕ, QIAquick PCR Purification kit (Qiagen) AǠ
$ 2.2.3&íƚ







  w^ƕA DL-LMMAǠ
$īŲčƤƇ4%ėƩĆʞȮ©Aûæł2.2.9)Ʌ
Ÿư)ń"$ β-MPdW_\ƶŎAǄĠ1$+ɂƎ, 3ɪ¡%ȵ" 
 
3.2.10 His^Q CRP+Ȉȹ 
His-tag-CRPɮÒǥǛrYye pET-crp (Ȁ 2Ǿ Table 1) AĬÀ^lPɗǥǛēȧȮ
BL21 (DE3) A 300 mLkapɁpYT0À? 100 ml+Kmïƅ 2 × YTĆă)
ÍƇ OD600 = 0.05%ƖȮ30ºC% 180 rpm%ŹûĆʞȮ©ǋĻ OD600 = 0.5–0.8




QuickPick IMAC Metal Affinity kit for proteins (Bio-Nobile) AǠ
$ȈȹȈȹ




  2 nM+Ȉȹ Cy3±ʝ DNArq& 0–200 µg His-tag-CRPAåŌƼ (10 mM Tris-HCl 
(pH 7.6), 0.5 mM EDTA (pH 8.0), 100 mM KCl, 50 µg/ml GWȴǀDqy, 50 µg/ml poly 
(deoxyinosinic-deoxycytidylic) acid [poly (di-dc) ], 0 - 50 µM cAMP, 10%Q[) &ƾì
ƄȐĤɾA 20 µl)ɏų+åŌƼAƫ% 30ÊʆåŌł12.5%wD
PDyeS0ÁɾDrFƳØkapC), 0.5 × Tris-borate-EDTAA«Ǡ





3.3.1 CRP ɺ ɑ)>Ŀʗ 
  MR-1 ƕ+ CRP ÐņȊǎȍ ɑȊ)ʇ>'Aɏ1>7MR-1 ƕ+ɽǞƕ 
(WT) & CRP Ɵŭƕ (∆crp) A DL-ɺ ([y©)D-ɺL-ɺonɺAù+
ǎȍǆIhOǆ&$ï6ƄĭĆă (DL-LMM, D-LMM, L-LMM, PMM, ʘí) AǠ

$ėƩƌ£%Ćʞ (Figure 1)DL-LMM %Ćʞĉì∆crp+ƄȐÏɯȮ©ħĻ




4∆crp, D-LMM ),2&B'Ǟȣ (Figure 1B)Ÿ∆crpÄ% crpAǪȸǧ)ǥǛ
>& D-LMM Ä%+ǞȣûŇ (Figure 3)¡+ȓƏ< CRP +Ɵŭ, D-ɺ
+ ɑȥAǂĭ>&Ż<&(=CRP  D-ɺ ɑ)ʇ>ɴ¤ě+ɠÆƶ
ŎÙüě&$ºéȥŎǴø?Ÿ∆crp, L-LMM ;. PMM %,čƤéȥ





3.3.2 D-ɺ ɑȊ+ɴ¤ěǥǛ0+ CRP +ʇ 
  Ʌ+ȓƏ<CRP , D-ɺ&onɺ+ĐŬɹȍ (D-ɺȦƪȍɹȍ; D-LDH) A
Te>ɴ¤ě+ɠÆƶŎÙ)ʇ>&Œ?MR-1 ƕ+Siz), 2 #+
D-LDH (Dld & LdhA) Te?$=LdhA , NADH ®ĝǧ)onɺA D-ɺ
0ɵ½>ǥɹǧ D-LDH %	>&Ȣ<?$
> (Pinchuk et al. 2009)Dld , D-ɺA
onɺ0&ɺÙ> D-LDH &$º&Ĉò?$
> (Pinchuk et al. 2009, 
Brutinel and Gralnick, 2012)"$∆crp+ D-ɺ ɑʎģ, dldɴ¤ě+ǥǛɾ¨)
əü>&Ȣ<?MR-1 ƕ+Siz)
$dld ,ɺlyD\ATe>
lldP& L-LDH ATe> lldEFG&íŸî).ɴ¤ěPY^ (LDH ɴ¤ěȠ) 
Aľŗ$
> (Figure 4A)CRP +ɴ¤ěPY^+ǥǛ)ʇ>'Aɏ
1>74 RT-PCR );=+PY^+ɠÆÝ§AƭĠƠ) qRT-PCR );=
WT &∆crp )>ëɠÆÝ§+ǥǛɾAƨɡMR-1 ƕA DL-LMM %īŲčƤƇ4
%ėƩĆʞŝÉ RNA AǠ
$ RT-PCR Aȵ"ȓƏlldP–dldʆ%,čĶŶǔ
ǲɌ? (Figure 4B, lane 2)?<+ɴ¤ě,Ý+ mRNA &$ɠÆ?>&Ǵ
?ŸlldE–lldFʆ (Figure 4B, lane 5) & lldF–lldGʆ (Figure 4B, lane 6) %,čĶŶǔ
Ǟdld-lldEʆ%,čĶŶǔǞ(" (Figure 4B, lane 4)¡+ȓƏ<
LDH ɴ¤ěȠÄ+ 5 #+ɴ¤ě, lldPdld& lldEFG+ 2 #+Kt&$ɠÆ?>
&Ǵ? 
  CRP ?<+Kt+ǥǛ)ʇ>Aɏ1>7ėƩĆʞ WT &∆crp)
> lldPdld;. lldF +ǥǛɾA qRT-PCR );"$ǄĠ+ȓƏ∆crp %










3.3.3 crp+Ǫȸ);> D-ɺɖÙȥ+ûŇ 
  ∆crp+ D-ɺ ɑʎģ dld+ǥǛǂĭ)əü>&Aǲ7>7dldAŏĵǧ)
ǥǛ>rYye (pBBRdld) Aªȹ∆crp 0ũì¤ɯ);"$ĬÀƙȆ
∆crp(pBBRdld)ƕA D-LMM )
$ėƩǧ)ĆʞȓƏMR-1(pBBR1MCS-2)ƕ (T





$Ǟȣéȥ%	" (Figure 6B)TMAO ĆʞŽ
)>∆crp(pBBRdld)ƕ+čƤɬǉ,∆crp%,ĚƩõðƶŎē¨TMAO)
,čƤéȥ%	>8++ɽǞƕ;=8čƤřÐ?>&)əü>&Ȣ<?>
¡+ȓƏ<∆crp + D-ɺ ɑʎģ, dld+ǥǛǂĭ);>8+%	>&Ǵ?
 
 
3.3.4 lldP-dldKt+ D-ɺʔ®ĝǧǥǛ 
  ?4%+ǮǼ<MR-1ƕ)> D-LDHƶŎ,ćɗʔ®ĝǧ%	>L-LDH,
L-ɺAÕĆʞƌ£)
$ƶŎź>&ǭ<?$
>  (Brutinel and 





ȵ" (Figure 7)MR-1ƕA L-ɺ%ĆʞŽlldF+ǥǛɾ,ȯčÕ&
<lldEFG Kt+ǥǛ, L-ɺ®ĝǧ(Ðņƞƙ (¬. ɠÆÐņüě LlpR) );"$
Ðņ?$











>7 5-RACEɂƎAȵ"ȓƏlldPɴ¤ě+ʅĘTe< 192 bpƷ)ɠÆʅ
ĘǏ (TSSlldP) ĝĂ>&Ǵ? (Figure 8)ɠÆʅĘǏƷ),70+ȓìɷÌ&
¦ɷÌ (-10 box, -35 box) ȽÉ?4+Ʒ), CRPȓì>&Œ?>ɷ




  Ơ) lldP-dldKt+ɠÆAƶŎÙ>ʚąAíĠ>7lacZɴ¤ěAw^
ɴ¤ě&$Ǡ
 β-MPdW_\Da[FAȵ"w^rYye
pMElacZ+ lacZɴ¤ěƷ) 5′ƉǿAcW lldPɴ¤ě+ƷʚąAȑ5ɤB
 w^rYye  (Ȁ 2 Ǿ  Table 1; pMElldP+1, pMElldP-60, pMElldP-182, 
pMElldP-541) AƙȆMR-1ƕ)ĬÀ?<+w^ƕA DL-LMM%īŲč
ƤƇ4%ėƩĆʞr|^ƶŎAǄĠȓƏŪĠ CRP ȓìɷÌAï6
pMElldP-182 ;. pMElldP-541 AĬÀw^ƕ)
$ʛȯ(r|^ƶ
ŎƗÉ? (Figure 9)+ȓƏ<TSSlldP)ī 60 bp < 182 bp Ʒ+ʚą
lldP-dldKt+ɠÆƶŎÙ)ŋȼ%	>&Ǵ??<+w^rYy
eA∆crp 0ĬÀw^ƕ%,r|^ƶŎ2&B'ƗÉ?("&




3.3.6 ɠÆƶŎÙʚą& CRP+ǪªǠɂƎ 
  lacZ w^Da[F);"$Œ? lldP-dld Kt+ɠÆƶŎÙʚą& CRP
+ȓìŎAƗɇ>7EMSAAȵ"4TSSlldP;=-60 bp<-182 bp4%+Ū
Ġ CRPȓìVFd+ÁʃAï4(
ʚą (PBlldP1; Figure 10A) & TSSlldP<-182 bp4%
+ŪĠ CRPȓìVFd+ÁʃAï6ʚą (PBlldP2; Figure 10A) + 2Ǹʜ+ Cy3±ʝ DNA
Ŷǔ&Ȉȹ His-tag-CRP&+ǪªǠA EMSA);=ɏ1+ȓƏŪĠ CRPȓ
ìVFd+ÁʃAï4(
 PBlldP1,WpdkeǲɌ?("ŪĠ CRPȓì




& PBlldP2&+ȓì, cAMPAƿÕƌ£%+5ɀĪ? (Figure 10B)?<+ȓ
Ə<CRP + lldP-dld Kt+ɠÆƶŎÙʚą0+ȓì), cAMP ŋȼ%	>&
Ǵ? 
  <)ŪĠ CRPȓìVFd& CRP+ȓìA;=Ɋȏ)ɏ1>7TSSlldP)ī-35 bp
<-84 bpƷ+ʚąAï6rq (PBlldP3; Figure 10A) &ŪĠ CRPȓìVFd+|
`pɷÌ)ĐǤAÕrq (PBlldP3m; Figure 10A) AǠ
$ EMSAAȵ"







  Shewanella İȏȮAï6Ē+ĚƩõðŎȏȮ,ɺ9ɸɺ+;(¨Êěɾ+ƅƞɺ
















^Fr+QkɠÆÐņüě%	> GlxRǥɹʂ L-LDHATe> ldhA&Ǳɺɵ
½ɹȍATe> narKGHJI Kt+r|^ʚą) cAMP ®ĝǧ)ȓì>
&Ĉò?$




$ɺ, NADHʔ®ĝǧ LDH (iLDH) );"$ɺÙ?on
ɺ0ĐŬ?> (Garvie 1980, Jiang et al. 2014)ēȧȮ9 C. glutamicum)
$D-ɺ,
Ȩȓì D-iLDH);"$ɺÙ?ȨNi0ʑě¤ɯ?> (Dym et al. 2000, Kato et al. 




ÙǕ) 0&¤ɯ?> (Beliaev et al. 2001, Myers and Myers 2002, Gralnick et al. 2006, Shi et al. 
2006, Hartshorne et al. 2009, Schuetz et al. 2009, Fonseca et al. 2013)"$Ɗƕ+ D-ɺ
ɺÙȒɞ&ĚƩõðȊ,ÄȨNiA$ ɑǧ)ȝ"$=?<Üɏǧ)Ð
ņ?>&,ìǜǧ%	>&Ȣ<?> 
  ŸL-LDH ATe> lldEFG Kt+ǥǛɾ, CRP +Ɵŭ);>ĿʗAç(
" (Figure 4C)lldEFG+ǥǛ, L-ɺAɌɒ>&Œ?>ɠÆÐņüě LlpR)
;"$ƶŎÙ?>&Ǵø?$= (Pinchuk et al. 2009, Brutinel and Gralnick 2012)
ƊǾ+ȓƏ (Figure 7) <8lldEFG+ǥǛ L-ɺ+ĝĂ%ɍĬ?>&Ǵ?
"$ lldEFG+ǥǛ, LlpR );> L-ɺǖǤǧ(ɠÆɏȅƞƙ);=Ðņ?
"E|W 








V$#"MR-1b D-6%opkl" D-LDH (LdhA) %`!} 
D-6%kl"|B%<"MR-1bu7_ODR94
LFLdhA=	 D-6%3_pO*1)klODR9@
mE| Dld NcHGv! D-6%C"z #"!
MR-1 b Dld NcHG3!# 7v CRP "
>/',+.AU#"z #"aqsQ]J





Figure 1. ėƩƌ£)> S. oneidensis +ǞȣƀțMR-1 ƕ (ʢ)∆crp (Ǧ) ,
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Figure 3. crpɴ¤ěǪȸġʟTdsP^ (pBBR1MCS-2) AĬÀMR-1 (ʢ
ȭ) ;.∆crp (Ǧȭ) & crpŏĵǥǛrYye (pBBRcrp) AĬÀ∆crp (Ǧ
ȭúɁ) A 50 µg/ml Kmïƅ D-LMM%ėƩĆʞŽ+Ǟȣƀț 
  
Figure S1. Growth of crp-complemented ∆crp on D-lactate. WT harboring the control vector 
pBBR1MCS-5 (closed circle), ∆crp harboring pBBR1MCS-5 (open circle), and ∆crp harboring 
pBBRcrp (open squire) were aerobically grown in MM containing 10 mM D-lactate. Error bars 




















EqTdġʟ (NC) +ʑƩƳØǢ»Aƥ)ǴC. ėƩĆʞWT&∆crp
)> lldPdld;. lldF+ qRT-PCRɂƎȓƏëɴ¤ě+ǥǛɾ,WT%+ǥǛɾ
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Figure S3. Growth of dld-complemented ∆crp on D-lactate under TMAO-reducing conditions. 
WT harboring the control vector pBBR1MCS-2 (closed circle), ∆crp harboring pBBR1MCS-2 
(open circle), and ∆crp harboring pBBRdld (open squire) were anaerobically grown in MM 
containing 30 mM D-lactate and 30 mM TMAO. Error bars represent standard deviations 
































0" 9  D-ɺ (Ǎȭ) 4, L-ɺ (Ǧȭ) AǠ
$ėƩĆʞ WT )> lldP &
lldF+ qRT-PCRɂƎȓƏëɴ¤ě+ǥǛɾ, L-ɺ%ĆʞWT%+ǥǛɾ)ī>


























Figure 8. lldPɴ¤ěƷ+ĊćɷÌĕŴĜ%ǴĊć, TSSlldPAǴTSSlldP+Ʒ
)ț%ǴɷÌ,-10 box&-35 box&Œ?>ɷÌ%	>ȘŧɶÊ,ŪĠ CRP














Figure 9. β-MPdW_\Da[FLacZƶŎ,w^rYyeAĬÀWT 


















Figure 10. EMSA. A. EMSA%«ǠDNArq (PBlldP1, PBlldP2, PBlldP3, PBlldP3m) 
+ʚąAǴǦ
úɁ,ŪĠ CRPȓìVFd%	>B. PBlldP1, PBlldP2, PBlldP34
,PBlldP3m&+CRP+ǪªǠɂƎCRP;. cAMP+ƿÕ (+) 4,ǐƿÕ (-) +
ƌ£% DNArq& CRP&+ǪªǠɂƎAȵ" 
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Kasai et al. CRP Regulates D-Lactate Oxidation
FIGURE 9 | Electrophoretic mobility shift assay (EMSA) using CRP and upstream regions of lldP. (A) Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) of N-his-CRP protein samples. Protein samples (5 µg) were analyzed on 12.5% SDS-polyacrylamide gels. Lane 1, Escherichia coli
BL21 (DE3) (pET-crp) crude extract; lane 2, purified N-his-CRP; lane 3, molecular weight marker. (B) DNA fragments used as probes. Positions of 50 and 30 ends of
the fragments relative to TSSlldP (+1) are shown. White boxes represent the putative CRP-binding motif. The mutated sequences in PBlldP3m are shown in bold.
(C) Binding of CRP to each probe. DNA-binding reactions were performed in the presence (+) or absence (–) of CRP, cAMP, and specific competitor (2 µM unlabeled
PBlldP3 probe).
DISCUSSION
Like many other anaerobic respiratory bacteria, Shewanella
spp. preferentially catabolize low-molecular-weight organic
acids (Serres and Riley, 2006; Fredrickson et al., 2008),
and studies have used lactate (mostly racemic DL-lactate) as
a substrate for cultivating S. oneidensis MR-1. Despite the
importance of lactate as a catabolic substrate for Shewanella
spp., however, little is known about how these bacteria
regulate catabolic pathways for this compound. Here, we
demonstrated that CRP plays a critical role in the transcriptional
regulation of the dld gene encoding D-LDH in MR-1. As
CRP is also involved in the expression of many anaerobic
respiratory genes (Sa arini et al., 2003; Kouzuma et al.,
2015), we suggest that MR-1 uses this transcriptional regulator
to coordinately regulate D-lactate metabolism and anaerobic
respiration. A previous study reported that, in Corynebacterium
glutamicum, a CRP/Fnr-type global transcriptional regulator,
GlxR, binds to promoter regions of the ldhA gene encoding
a fermentative L-LDH and the narKGHJI operon encoding
nitrate respiratory enzymes in a cAMP-dependent manner
(Kohl et al., 2008). It is therefore likely that a broad range
of bacteria utilizes cAMP-dependent regulatory mechanisms
for the coordinated expression of catabolic and respiratory
pathways.
In many bacteria, lactate is oxidized to pyruvate by
NADH-independent LDHs (iLDHs) (Garvie, 1980; Jiang et al.,
2014). For example, in E. coli and C. glutamicum, D-lactate
is catabolized through membrane-bound D-iLDHs that utilize
membrane-associated quinones as electron-accepting cofactors
(Dym et al., 2000; Kato et al., 2010). S. oneidensis MR-1 also
oxidizes D-lactate by D-iLDH (Dld) (Pinchuk et al., 2009),
and is thereby likely to reduce membrane quinones. In this
strain, electrons accumulated in the membrane quinone pool are
transferred to anaerobic electron acceptors, such as fumarate,
DMSO, and metal oxides, via an inner membrane-anchored
cytochrome, CymA, and periplasm- and outer membrane-
localized proteins, such as FccA, DmsABEF, MtrCAB, and
OmcA (Beliaev et al., 2001; Myers and Myers, 2002; Gralnick
et al., 2006; Shi et al., 2006; Hartshorne et al., 2009; Schuetz
et al., 2009; Fonseca et al., 2012). It is therefore suggested
that D-lactate oxidation in MR-1 is metabolically linked
to anaerobic respiratory pathways via membrane-associated
quinones.
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DISCUSSION
Like many other anaerobic respiratory bacteria, Shewanella
spp. preferentially catabolize low-molecular-weight organic
acids (Serres and Riley, 2006; Fredrickson et al., 2008),
and studies have used lactate (mostly racemic DL-lactate) as
a substrate for cultivating S. oneidensis MR-1. Despite the
importance of lactate as a catabolic substrate for Shewanella
spp., however, little is known about how thes bacteria
regulate catabolic pathways for this compound. Here, we
demonstrated that CRP plays a critical role in the transcriptional
regulation of the dld gene encoding D-LDH in MR-1. As
CRP is also involved in the expression of many anaerobic
respiratory genes (Sa arini et al., 2003; Kouzuma t al.,
2015), we suggest that MR-1 uses this transcriptional regulator
to coordinately regulate D-lactate metabolism and anaerobic
respiration. A previous study reported that, in Corynebacterium
glutamicum, a CRP/Fnr-type global transcriptional regulator,
GlxR, binds to promot r regions of the ldhA gene encoding
a fermentative L-LDH and the narKGHJI operon encoding
nitrate respiratory enzymes in a cAMP-dependent manner
(Kohl et al., 2008). It is therefore likely that a broad range
of bacteria utilizes cAMP-dependent regulatory mechanisms
for the coordinated expression of catabolic and respiratory
pathways.
In many bacteria, lactate is oxidized to pyruvate by
NADH-independent LDHs (iLDHs) (Garvie, 1980; Jiang et al.,
2014). For example, in E. coli and C. glutamicum, D-lactate
is catabolized through membrane-bound D-iLDHs that utilize
membrane-associated quinones as electron-accepting cofactors
(Dym et al., 2000; Kato et al., 2010). S. oneide sis MR-1 also
oxidizes D-lactate by D-iLDH (Dld) (Pinchuk et al., 2009),
and is thereby likely to reduce membrane quinones. In this
strain, electrons accumulated in the membrane quinone pool are
transferred to anaerobic electron acceptors, such as fumarate,
DMSO, and metal oxides, ia an inner membrane-anchored
cytochrome, CymA, and periplasm- and outer membrane-
localized proteins, such as FccA, DmsABEF, MtrCAB, and
OmcA (Beliaev et al., 2001; Myers and Myers, 2002; Gralnick
et al., 2006; Shi et al., 2006; Hartshorne et al., 2009; Schuetz
et l., 2009; Fonseca et al., 2012). It is therefore suggested
that -lactate oxidation in MR-1 is metabolically linked
to anaerobic respiratory pathways via membrane-associated
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Ò 7Ñ Ù¨ 

7.1 Ù 
  CRP °ÝÞhÖâ'ÊÐ+)§°¼^ëk-4OQ@M
N2KNQ:Qf	É(+* (Brückner and Titgemeyer 2002, Stülke and 
Hillen 1999)E. coli K-12®sCRP·âbh cAMPº'Xk
+*ÖÜh cAMP º}|W4M5Q8ºp*}|
W4M5Q8	{*sLPõ~ïÎ°¯ (phosphotransferase system; PTS) 	4M
5Q8-LPõpPTS :PA3ìàîLPõp½aNFMØ+*R
£4M5Q8	Uí*PTS:PA3ìLPõ~	ãÏ*LPõp+ PTS
:PA3ì Cya Ç[cÂcAMP s·-S¤*+')4M5Q8
ºÖÜh cAMP º	p*Û(+* (Green et al. 2014)R£
Shewanella CRP ³xu÷ð*ò`Ã¿köæ*	
v+*d Shewanella sp. ANA-3®³ÄBõxu CRP'Æ Ä
k-r*	Í+* (Murphy and Saltikov 2009)(S. oneidensis MR-1
®CRP±¡') Fe(III)Mn(IV)EGMõÌõDMSOógÝ	
,+*#+(¼ìógôÕò` (mtr, fccA, nap, dmsò`) Ã¿	¹
*	v+ (Saffarini et al. 2003, Charania et al. 2009)+(ò`
Ã¿	 CRP')Æ k+*¥(+(#CRP	
³xuÔ_ò`Ã¿&÷V*U¥ 
  «ÊÐMR-1 ®* cAMP/CRP kÔl-jÁ¼Ä¶-Âè
¬Ò 2ÑMR-1®ÖÜú`ñÔ:PA3ìüMtr:PA3ìý-5Q<
* mtrò`Ú	 CRP'Æ Äk+*-¥(Ò 3Ñ







  #Ò 5Ñ CRPåz* cAMPm´jèôÕ CpdAÈÅÁÀ°
Ýè¬×­CpdA ±¡® (∆cpdA) 	¦}|²J;
/>PSAM'!B8;7P-æµ*#∆cpdA +(ps¼
sò`-t$.H?õsÔò`Ã¿	aT*-Ãç
∆cpdA ²ø cAMP sò` (cyaABC) -Ës&ç(+%
 
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